Abstract. This paper examines the effect of weather conditions on truck type distribution using combined nonparametric chi-squared and binomial probability statistical tests. Influence of the winter conditions on truck type distribution is investigated in this paper by classifying trucks into single-unit trucks, single-trailer, and multi-trailer units. The investigation is based on 5 years Weigh-In-Motion (WIM) traffic data collected from Alberta provincial highway network in Canada. The WIM data is collected from six WIM sites located on Highway 2, Highway 2A, Highway 3, Highway 16 and Highway 44. The objective of this study is to investigate the association of three truck type distribution with month and season depending on weather conditions by means of nonparametric statistical test. The statistical results indicate that the variation of truck type distribution is influenced by type of highway facility, such as regional commuter roads and rural long distance highways. The season of the year (winter and non-winter) may also affect the truck type distribution on some types of roads. Findings of this study can benefit highway agencies in developing programs and policies related to efficient monitoring of truck traffic and maintaining highway network throughout the year.
Introduction
Highway traffic volume varies over time and locations on all roadways. The variations of traffic volumes could differ substantially when each vehicle class travelling in the same traffic stream is analysed separately. Severe winter weather condition in Canada is another factor, which causes more variations in traffic streams. Datla and Sharma (2008) analysed the impact of winter weather conditions (cold temperatures and snowfall) on highway total traffic volumes. They concluded that winter weather causes significant variations in traffic volumes, and the magnitude of variation depends on the time of day, day of the week, location, highway type, and severity of the weather. However, their study and other similar studies published in the literature were conducted solely on the basis of total traffic volume data. A few of researches (Roh et al. 2012 (Roh et al. , 2015 (Roh et al. , 2016a (Roh et al. , 2016b concluded that total traffic and passenger car volumes are influenced by both the snowfall and the cold temperatures, but the truck volume is not significantly affected by the amount of snowfall or severity of cold temperatures. Described in these papers are an extension of the research that was reported by Roh et al. (2012) . This paper presents an investigation of the influence of the winter conditions on truck type distributions by classifying trucks into three classes: single-unit trucks, single-trailer, and multi-trailer units. The study findings are based on the five years spanning from 2005 to 2009 truck traffic data collected from six Weigh-In-Motion (WIM) sites located on Highway 2, Highway 2A, Highway 3, Highway 16 and Highway 44 in Alberta (Canada) .
The key objective of this study is to investigate the association of three truck type distribution with month and season depending on weather conditions such as snowfall and temperature. Two types of temporal variations of truck type distributions are investigated: (1) month to month variations; (2) season to season variations in which the months of November to March representing severe snowfall and cold conditions are grouped into winter months (namely 5WMs). April to October are grouped into non-winter months (namely 7NWMs). December to February are grouped into another winter months (namely 3WMs), in order to represent more severe weather condition during winter season than 5WMs. Liu (2006) investigated holiday effects on hourly volume changes with Permanent Traffic Counters (PTCs) data collected continuously for 10 years on highway networks in Alberta (Canada) . He compared hourly traffic pattern of typical days with the hourly traffic pattern of holiday and indicated statistical significance of hourly traffic peaking in holiday with the help of combined chi-squared (c 2 ) and binomial tests. Based on the literature, combined nonparametric chi-squared and binomial probability tests of statistical significance are used to analyse the association of winter weather with the variations of truck type volumes under different weather conditions.
Literature review
The previous studies on highway traffic with regard to weather effects can be divided broadly into three categories. In the first category, Colyar et al. (2003) and Goodwin (2002) studied the effect of weather on highway and traffic conditions. These studies explained the impact of weather events on highway traffic conditions focusing on (1) driver behaviour; (2) roadway safety; (3) roadway mobility. The second category studies report the quantitative association of traffic volumes with weather conditions. Hanbali and Kuemmel (1993) studied the traffic volume reduction on highway traffic due to winter storm conditions and reported that traffic volume is reduced on weekends from 19 to 31% for light snow and 56% for heavy snow and on weekday from 7 to 17%, 53% respectively using the data collected at 11 locations during the first three months of 1991 in the United States. Changnon (1996) studied the impact of various precipitation patterns in summer on travel patterns in Chicago. For Lothian region (Scotland) Hassan and Barker (1999) studied the association of traffic with meteorological parameters such as minimum and maximum temperatures, snow and rainfall, snow on ground and sunshine hours. Knapp and Smithson (2000) analysed the average traffic reductions on interstate highways in Iowa State during winter storms. Keay and Simmonds (2005) reported the association of rainfall and other weather variables with traffic volume on urban arterials in Melbourne (Australia). On Inter-State Highway 35 in northern rural Iowa, Maze et al. (2006) reported a strong correlation between the percentage reduction in traffic volume and wind speed and visibility during snowy days. Datla and Sharma (2008) studied the impact of cold and snow on daily and hourly traffic volumes on provincial highways of Alberta (Canada) . In the third category, Hanbali and Kuemmel (1993) , Maki (1999) , Kilpeläinen and Summala (2007) focus on the traveller behaviour (e.g. trip adjustment by trip maker) during adverse weather conditions. Several other studies have also reported variations in traffic volume levels and changes in traffic patterns during adverse weather conditions. All of these studies reported reductions in traffic and changes in traffic patterns due to adverse weather conditions. However, none of the past researches investigated the variations of truck traffic volumes during winter weather conditions, and presented comparative analysis in statistical terms of truck traffic distribution between month and season. There is lack of information in literature regarding the impacts of winter weather condition on the variations of truck traffic. Several studies (Roh et al. 2012 (Roh et al. , 2016a (Roh et al. , 2016b concluded that the truck volume is not significantly affected regardless of the amount of snowfall or severity of cold temperatures through dummy variable regression technique. Described in this paper is an extension of the research presented by Roh et al. (2012) and it aims to investigate the variations of truck type distribution triggered by season and month in mixed highway traffic stream.
The WIM and weather data
Alberta Transportation is responsible for maintaining highway network in the province of Alberta (Canada) . Traffic data by vehicle-by-vehicle configuration including load, and other information were collected for the study period from 2005 to 2009 for supporting programs such as Alberta's Strategic Highway Research Program (SHRP) and Long Term Pavement Performance (LTPP) (Kilburn 2008) . The six WIM sites are located on Highway 2, Highway 2A, Highway 3, Highway 16, and Highway 44 as shown in Figure 1 . There are two WIM sites at Leduc Vis and Red Deer on Highway 2 and one site for each of the remaining highways. Table 1 shows Annual Average Daily Traffic (AADT) values and the total number of vehicle records summed for all the six WIM sites for 5 years study period from 2005 to 2009. A total number of 154133231 vehicular records were finally used for the purpose of the investigation carried out in this study. It should also be noted that Visual Basic (VB) computer codes were developed to convert the raw data format consisting of 60 variables into 30 variables data format as described in Table 2 
Vehicle classification
Classification mechanism of the FHWA 13 category scheme F (Wyman et al. 1985) was adopted for vehicle classification in this study. The classification scheme used information on axle spacing and number as classification measures that were collected for each of vehicle travelling on the WIM site. The layout of WIM site is described in Figure 2 . It is consisted of loop sensor for measuring length and piezoelectric sensor for counting axle numbers, capturing collaboratively the configuration patterns of each vehicle passing on the detection area (Kilburn 2008) . The FHWA scheme F is established using VB computer codes. Vehicle classification involved three steps. In the first step, some records of the data that have no information on axle spacing were detected and these records were separated from normal records for treatment with additional attention during the course of vehicle classification. For this purpose, initial classification is conducted in order to sort out entire vehicular records into two groups: Reasonable Data Records (RDR) group, and Unreasonable Data Records (UDR) group. The RDR group can proceed further to next classification step, whereas UDR group is not appropriate for classification due to insufficient information of vehicle configuration. For the sake of simple presentation, the details of data compositions of both RDR and UDR group for 5 years study period are tabulated in Table 3 using the Red Deer site located on Highway 2. The next step involved the task of sorting the RDR and UDR into daily traffic volumes on which all statistical analyses were carried out. The numbers of vehicular records classified into 13 vehicle classes for each year are summarized in third column from the left in Table 4 . The total number of vehicular records classified for 5 years is in the last row as well. For example, the number (10783397) represents total vehicular records classified into bins of 13 vehicle classes from the RDR dataset through the first classification for the year of 2005.
The FHWA scheme F has been recognized as a representative vehicle classification algorithm. However, it has also readily been acknowledged through experiences in transportation practices that it has some vagueness in defining axle spacing demarcations (Mussa et al. 2006) . To overcome this weakness, another vehicle classification scheme that employs the concept of Probabilistic Neural Network (PNN) as a classification algorithm is applied in this research. In the last step, the PNN classification algorithm is applied to the vehicular records left unclassified through the first classification process. The primary reason to conduct the second round classification is to make sure that significant amount of data is prepared and then plugged into non-parametric statistical analysis.
The key concept of the PNN method, without any mathematical terms, is presented here since the application of PNN is not the main objective of this research. An informative input vector consisting of vehicle configurations such as axle spacing and axle numbers is provided for algebraic calculations with the association with five training samples produced for each of 13 vehicle classes. Based on the statistically evaluated value provided through an algebraic calculation, a vehicle-by-vehicle record is classified into 13 classification bins. The PNN algorithm is applied to the vehicular records remained unclassified after completing the first round of classification. In Table 4 It should be noted that sample data could not generate sufficient samples to carry out detailed statistical analyses by each vehicle class. This is mainly due to lower number of total trucks ranged in general from 8 to 32% of total traffic volume for the all six WIM sites. Therefore, the 13 vehicle classes were further aggregated into four major categories such as passenger cars and three truck type classes, namely straight unit trucks, single trailer and multi trailer units.
Impact of weather on truck type distribution in mixed traffic stream
The province of Alberta experiences severe snowfall and cold conditions from November to March. Winter weather condition of Red Deer WIM site on Highway 2 is presented in Figure 3 with weather data (i.e. temperature and snowfall) obtained from the Environment Canada (Canada.ca 2010) climate database. In Figure 3 , the first number (50101) displayed in the X-axis means the day of January first of the year 2005. The same naming convention is applied for other dates displayed in the X-axis. Based on these observations, the months of November to March, which represents severe snowfall and cold conditions are grouped into two winter month groups (i.e. 5WMs and 3WMs) and the remaining months are grouped into nonwinter months (7NWMs).
Month to month variations
To examine whether or not truck type distribution is associated with the month, the truck traffics are separated from the total traffic. With the classification method explained earlier, the truck traffics are categorized into three truck types (i.e. straight unit trucks, single trailer, and multi trailer). Daily average truck volumes according to three truck types are distributed with the 12 months of the year. Normality in the data sets is tested to decide whether or not non-parametric method is appropriate for this study. The test involves composing 90 data sets (5 years of data sets for each of six WIM sites arranged for each of three truck types) and computing the normality of each data sets with Anderson-Darling test module available in R statistical computing software (RFSC 2010) . 85 data sets out of 90 are found there is more possibility the sample comes from a normal distribution. This normality test results showed that all study data did not always obey the normal distribution, which made the application of parametric tests inappropriate for this study. Therefore, alternative methods for which validity does not depend on rigid assumptions were considered. The non-parametric test procedures met the needs of this study, since they are valid under very general assumptions and no normality is required (Daniel 1990) . Therefore, it is valid that combined chi-squared and Binomial test is applicable for those data sets. Combined non-parametric chi-squared and binomial statistical test is then applied to examine the variations of truck type distribution pattern by month.
The chi-squared test is one type of goodness-of-fit test that has been widely applied to compare the observed frequency of event with the expected frequency of event (Daniel 1990 ). The test statistic results from a comparison of expected and observed frequency patterns. In this study, the daily truck type distribution patterns averaged for each month during the year is considered as one empirical frequency distribution. The other empirical frequency distribution i.e., the expected truck type distribution patterns, is calculated based on the null hypothesis H 0 : truck type distribution is not associated with the month. 29  28  27  26  25  24  23  22  21  20  19  18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1  0 Snowfall [cm] Temperature Snowfall
If the two truck type distribution patterns are similar to each other, a close agreement is expected between the observed and expected frequencies with the chi-squared test value smaller than the critical value of chi-squared distribution at significance level α. It can be said that the association of truck type distribution with month is not significant. The chi-squared test examines whether or not truck type distribution is associated with the month of the year for only one individual year, so one year statistical experiment is not enough to reach valid conclusion. In order to establish overall confident decision for the 5 years historical study data, the concept of the Binomial test is additionally applied. In this test, the yearly chi-squared test result over 5 years is considered to obey the binomial probability distribution with the probability of success (p = 0.5) on a yearly trial, the number of trial (n = 5) being the number of study years in this study. It could be tested whether or not truck type distribution is associated with month for the study period at a 95% confidence level (α = 0.05) with other parameters (p = 0.5, n = 5) using the binomial test.
To provide a better understanding of the methodology adopted in this study, a sample analysis is presented in this section. The truck traffic data from Red Deer combined with Leduc study site on Highway 2 for the year 2005 is used for this presentation purpose. Table 5 shows the observed average daily truck type distribution patterns for each month. In order to carry out the chi-squared statistical test, the expected truck type distribution patterns are required as shown in Table 6 . The expected truck type distribution patterns are calculated based on the null hypothesis H 0 : truck type distribution is not associated with the month. The expected truck type distribution can be calculated using Equation (1):
where: n i , n j are marginal grand total for row i, the number of truck types and column j, the number of months, and n represents a grand total from in Table 5 . Relationships between observed and expected truck type distribution patterns for the sample study site is graphically described for the 5 years study period in Figure 4. Based on the truck traffic volumes given both in Tables 5 and 6 , chi-squared test is conducted. The chisquared test statistic (c 2 = 77.40) is calculated using Equation (2):
From the chi-squared distribution chart in Figure 5 , the critical value of chi-squared test corresponding to the given degrees of freedom ( ) ( ) Table 7 .
It is seen that null hypothesis H 0 is rejected for the all 5 years of experimental trial. According to the Binomial cumulative probability distribution with parameters like n = 5 and p = 0.5 as depicted in Figure 6 , the critical value of success Y is 4 out of 5 trials to satisfactorily reject the null hypothesis at the 95% confidence level. In the example, 5 successes were observed out of 5 trials, meaning null hypothesis is rejected successfully. With chisquared test combined with binomial test, it is statistically significance to say that truck type distribution is associated with the month for the sample site on Highway 2 for 5 years study period. The methodology applied to the sample site on Highway 2 is also applied to other remaining WIM sites to check whether or not truck type distribution is associated with months. The chi-squared statistical test results with p-value in parenthesis for the remaining highways WIM sites for the 5 years study period are presented in Table 8 . Binomial test results with p-value obtained from the 5 years chi-squared test is summarized in Table 9 . The same statistical reasoning process applied in the previous example can be applied to analysis results presented in Tables 8 and 9 . 
Season to season variations
This section investigates on whether or not truck type distribution is associated with seasons. As a calculation example, the seasonal association of truck type distribution with winter months (or non-winter month) for Highway 2A is presented in this section. It has long been recognized that weather condition is a factor affecting highway traffic flow especially for regions in North America where inclement weather conditions continues during winter season. Owing to the geographical location, the winter weather in Canada is very severe with extremely cold temperatures (below -35 °C ), heavy snowfall, blizzards, freezing rain and high wind chills. Such weather conditions may result in significant variations in highway traffic patterns. To understand the truck type distribution patterns during winter months as compared to non-winter month (or summer months), the months of November to March that experience lots of amount of snowfall and severe cold temperature are grouped into two temporal winter month groups (3WMs, 5WMs) as noted in introduction section and the remaining months are grouped into non-winter months (7NWNs).
Using the same methodology utilized in the previous section, the monthly average daily truck type distribution patterns observed from truck traffic events and their expected values are calculated for winter month and nonwinter month groups for the Highway 2A including other study sites for the years from 2005 to 2009. As an example, the observed and expected truck traffic distribution patterns with respect to 5WMs and 7NWMs for the year 2005 are summarized in Table 10 .
The chi-squared test statistic for the Highway 2A site for the year 2005 is estimated using Equation (2) and found to be 8.37. The critical value of c 2 for 2 degrees of freedom at 95% confidence level is turned out to be 5.99. Since the test value 8.37 is greater than 5.99, falling in rejection region, it can statistically be said that the truck type distribution differs from season to season in particular for the year 2005 for Highway 2A site. The same analysis is repeatedly carried out for the remaining four years from 2006 to 2009 and the results are summarized in Table 11 . Subsequently, Binomial test is applied to determine overall significance of the site for entire historical data by combining yearly result of chi-squared test conducted over 5 years study period. According to Figure 6 presenting cumulative binomial distribution, for the sample size of 5 and success probability of 0.5, the critical value of the binomial test is 4 to reject the null hypothesis H 0 , satisfying the 95% confidence level. The only one single experiment conducted for the year 2005 appears significant out of five trials, thereby not rejecting null hypothesis. In other words, there is insufficient evidence to reject the null hypothesis. Consequently, with the help of combined chi-squared and binomial test results, it can statistically be appropriate to say that the truck type distribution is not associated with the season for the Highway 2A site.
Similar methodology is applied for all WIM sites with respect to two pairs of winter month combination groups (3WMs vs. 7NWMs and 5WMs vs. 7NWMs). After completing 5 years repeated chi-squared test, the summary of chi-squared test value with p-value in parenthesis for all WIM sites is presented in Table 12 . In the same line of statistical reasoning applied to the sample Highway 2A site, the binomial test are conducted at 95% confidence level and the test results with p-value are tabulated in the Table 13 .
It is observed from Table 13 that the Highway 2A, which is a dominantly commuter type road in terms of travel characteristic of travel populations is maintaining stable truck traffic volume distribution in terms of truck types irrespective of two pairs of winter month combination groups at 95% confidence level. The truck traffic on Highway 3 and Highway 16, which fall in a regional long distance type road are also not affected in truck type distribution by seasonal combination groups similar to Highway 2A. In case of Highway 2, which is a regional long distance road, the truck traffic is in stable distribution across season between winter and non-winter period at the same confidence level. The Highway 44, which is classified into a special type road differentiating itself from other sites indicated that season is an important factor affecting truck traffic distributions with significant statistical evidence.
One consistent conclusion drawn from the Highway 2A site having dominantly commuter traffics is that the truck type distribution is not affected between months, and even between seasons. Similarly, truck type distribution pattern is affected by monthly, but not affected by two pairs of seasonal group for Highway 2, Highway 3 and Highway 16, which belongs to regional long distance road. These findings provide useful insights for highway agencies at initial stage of designing traffic monitoring program. As a practical application, truck traffic counting could be conducted for Highway 2A in any time of the year with very flexible counting durations ranging from a few days to several months. In cases for Highways 2, 3, and 16, it is suggested that the short duration truck traffic count can be carried out for periods ranging from a few days to several weeks but less than a month. On highways like Highway 44, the short duration truck traffic count can be carried out either in summer or winter season in order to consider seasonal effect in truck traffic counting.
Conclusions
The literature clearly indicates that severe weather conditions trigger variations in highway traffic. However, past studies in this area were conducted with overall total traffic flow, not separately considered truck traffic in mixed traffic stream. Understanding of truck traffic variations under severe weather conditions could provide useful information for transportation planning and engineering applications.
This paper developed a non-parametric statistical techniques and they are applied to investigate the impact of months and seasons on the variations of three truck type distribution: straight unit trucks, single trailer, and multi trailer in mixed traffic stream. The investigation is based on five years of six WIM data from Highway 2, Highway 2A, Highway 3, Highway 16 and Highway 44 in Alberta (Canada) . Statistical significant of the variations of truck type distributions are investigated to understand the association of their distribution with months and seasons for the 5 years study period by means of combined non-parametric hi-squared and binomial probability test. From the combined statistical test results, the test statistic of c 2 values calculated from the expected and observed truck type distribution patterns for months and seasons are compared with the critical c 2 values at the 95% confidence level. This procedure is carried out for all the six highway WIM locations considered under this study to understand the association of months (and seasons) with the truck type distribution.
The statistical test results indicated that the truck type distribution is associated with months for all the five WIM sites except for the Highway 2A. In other words, in case of pure commuter road like the Highway 2A, the truck type distribution is not affected by month, meaning that truck type distribution is in overall stable condition throughout the 5 years study period. However, truck type distributions on most rural long distance roads like Highway 2, Highway 3, Highway 16, and on special road like Highway 44 are associated with months.
Another conclusion that could be drawn from the analyses presented in this paper is that the truck type distribution is not affected due to severe weather condition during winter season for primary highway facilities like Highway 2A, which serve predominantly commuter type of travels. Similarly, the severe winter months in Alberta also do not seem to have significant impact on different truck classes on long distance highways like Highway 2, Highway 3, or Highway 16. On the other hand, highway facility like the Highway 44 serving significant amount of truck seasonal traffic in nature is likely to be affected by seasons of the year. Notes: 3WMs* -from December to February; 5WMs** -from November to March; 7NWMs*** -from April to October.
The impact analysis of season on truck types is evidently established well with 95% confidence level for all six highway road segments. These findings have a practical implications for rationalization of schedule and duration of truck traffic counts throughout the year. For example, the short duration truck traffic count for periods ranging from a few days to several weeks but less than a month can be carried out even during winter seasons to get reasonably good estimates of truck traffic on highways like Highway 2A, Highway 2, Highway 3, and Highway 16. Furthermore, the methodology adopted for independency test could contribute in literature for other researchers. The knowledge about independency of truck type distribution to various seasons and month would be useful for many transportation agencies in developing truck traffic counting programs and estimating the highway planning and design parameters like Annual ADTT (AADTT), ADTT and Design Hour Truck Volume (DHTV). Further research on this will able to rationalize the length and frequency of the truck counts for various road types.
